Recent bioinformatic analyses identified proteasome assembly chaperone-like proteins, PbaA and PbaB, in archaea. PbaB forms a homotetramer and functions as a proteasome activator, whereas PbaA does not interact with the proteasome despite the presence of an apparent C-terminal proteasome activation motif. We revealed that PbaA forms a homopentamer predominantly in the closed conformation with its C-terminal segments packed against the core domains, in contrast to the PbaB homotetramer with projecting C-terminal segments. This prompted us to create a novel proteasome activator based on a well-characterized structural framework. We constructed a panel of chimeric proteins comprising the homopentameric scaffold of PbaA and C-terminal segment of PbaB and subjected them to proteasome-activating assays as well as small-angle X-ray scattering and high-speed atomic force microscopy. The results indicated that the open conformation and consequent proteasome activation activity could be enhanced by replacement of the crystallographically disordered C-terminal segment of PbaA with the corresponding disordered segment of PbaB. Moreover, these effects can be produced just by incorporating two glutamate residues into the disordered C-terminal segment of PbaA, probably due to electrostatic repulsion among the negatively charged segments. Thus, we successfully endowed a functionally undefined protein with proteasome-activating activity by modifying its C-terminal segment.
Introduction
The 20 S proteasome is a proteolytic machine for the selective degradation of proteins in cells (Coux et al., 1996; Baumeister et al., 1998; Tanaka, 2009 ). This huge protease complex has a cylindrical architecture constituted from four heptameric rings, i.e. two outer α rings and two inner β rings (Lowe et al., 1995; Unno et al., 2002) . The proteolytic sites on the β rings are sequestered within a cavity of the chamber. Substrate entry into this chamber is restricted by a gating pore at the center of the α ring, which opens when protease activators bind to this ring through their C-terminal proteasome-binding motifs (Forster et al., 2005; Smith et al., 2007) .
Eukaryotic 20S proteasomes are characterized by heteroheptameric structures of the α and β rings, whose formation is assisted by several proteins termed proteasome assembly chaperones (Murata et al., 2009; Kish-Trier and Hill, 2013; Tomko and Hochstrasser, 2013) . By contrast, archaeal 20S proteasomes are composed of a single isoform of an α ring subunit and one or two isoforms of a β ring subunit, which can assemble into a cylindrical four-ring structure without the assistance of proteasome assembly chaperones (Lowe et al., 1995; Sprangers and Kay, 2007) . Nevertheless, archaeal genomes encode homologs (Kusmierczyk et al., 2011) of eukaryotic proteasome assembly chaperones PAC1 and PAC2, which are homologous to each other and function as a heterodimeric chaperone (Hirano et al., 2005) .
The PAC1/PAC2 homologs PbaA and PbaB also possess a C-terminal HbYX motif (Kusmierczyk et al., 2011; Kumoi et al., 2013) . We previously characterized the structure and function of Pyrococcus furiosus PbaB and revealed that it forms a homotetramer and can bind to the proteasome through its C-terminal segment, thereby functioning as a proteasome activator. In contrast, PbaA forms a homopentamer and does not interact with the 20 S proteasome despite possessing a proteasome-binding HbYX motif (Kumoi et al., 2013; Sikdar et al., 2014) . Our crystallographic data indicated that the orientation of C-terminal segments containing the potential proteasome-activating HbYX motif is remarkably different between PbaA and PbaB. The C-terminal α6 helices of the PbaB tetramer show tentacle-like structures that project from the core domain, whereas the corresponding C-terminal helical segments of a PbaA pentamer are packed against the core. These structural features may explain the distinct proteasomebinding capabilities of PbaA and PbaB, although the conformational difference may be due to different modes of crystal packing.
In this study, we characterized the quaternary structure of PbaA in solution by small-angle X-ray scattering (SAXS) and high-speed atomic force microscopy (HS-AFM). Moreover, we attempted to endow PbaA with proteasome-binding activity by mutational modifications of its C-terminal segment based on our structural data and examined the structural impact of the mutations using biophysical techniques.
Materials and methods

Expression and purification of P. furiosus proteins
The expression and purification of P. furiosus PbaA, PbaB and the 20 S proteasome were performed according to methods previously described (Kumoi et al., 2013; Sikdar et al., 2014) .
Crystallization of PbaA
The purified PbaA protein was concentrated to 11.0 mg/ml in 50 mM Tris-HCl (pH 8.0) and used for crystallization. Crystallization screening and optimization experiments were performed using the sitting-drop and hanging-drop vapor diffusion methods, respectively. In crystallization screening, monoclinic crystals of PbaA were obtained in a buffer containing 30% 2-methyl-2,4-pentanediol, 0.1 M sodium acetate (pH 4.6) and 20 mM calcium chloride.
X-ray diffraction data collection and structure determination Crystals were transferred into crystallization mother liquor and flashcooled in liquid nitrogen. The diffraction dataset was collected using synchrotron radiation (λ = 1.0000 Å) using the AR-NW12A beamline at the Photon Factory (PF, Japan). Diffraction data were processed using XDS (Kabsch, 2010) (Supplementary Table 1) . The 2.55 Å-resolution structure of PbaA using the monoclinic crystal was solved with the molecular replacement method using the MOLREP program (Vagin and Teplyakov, 1997) with the orthorhombic crystal structure of PbaA (PDB code 3WZ2) as a search model. The refinement procedure was performed using REFMAC5 (Murshudov et al., 1997) . The final model of the monoclinic crystal structure of PbaA refined to a 2.55 Å-resolution has an R work of 20.8% and R free of 24.0% (Supplementary Table 1 ). Stereochemical qualities of the final models were validated using PROCHECK (Laskowski et al., 1993) . Graphic figures were prepared using PyMOL (http://www.pymol.org).
Construction and preparation of mutated proteins
Three constructs encoding PbaA-PbaB chimeric proteins were created by replacing the C-terminal segment of PbaA with that of PbaB. In the first construct (designated as PbaA 204 -PbaB 43 ), Val205-Leu242 of PbaA was replaced by the C-terminal 43 residues, Met238-Leu280, of PbaB. In the second construct (designated as PbaA 230 -PbaB 13 ), Arg231-Leu242 of PbaA was replaced by the C-terminal 13 residues, Pro268-Leu280, of PbaB. In the third construct (designated as PbaA 239 -PbaB 3 ), Met240-Leu242 was replaced by the C-terminal three residues, Gly278-Leu280, of PbaB. In the mutant PbaA (designated as PbaA(Q236E/Y237E)), Gln236 and Tyr237 were replaced with a Glu-Glu dipeptide, which occupies the corresponding position in PbaB. The expression and purification of all these chimeric and mutant proteins were according to the protocol used for the purification of wild-type PbaA. In the mutant PbaB (designated as PbaB (E273Q/E274Y)), Glu273 and Glu274 were replaced with a Gln-Tyr dipeptide, which occupies the corresponding position in PbaA. The expression and the purification of PbaB(E273Q/E274Y) were according to the protocol used for the purification of wild-type PbaB.
HS-AFM
HS-AFM measurements of protein complexes were performed using a laboratory-built apparatus (Ando et al., 2008) . A small cantilever with dimensions of 6-7 μm long, 2 μm wide, and 90 nm thick was used for tapping-mode operations. The final concentrations of samples dissolved in buffer A [50 mM Tris-HCl buffer (pH 8.0) containing 150 mM NaCl] were as follows: 20S proteasome, 1.6 mg/ml; PbaA 230 -PbaB 13 , 1.9 mg/ml; PbaA 204 -PbaB 43 , 1.7 mg/ml; PbaB, 1.0 mg/ml; PbaA, 1.5 mg/ml; PbaA 239 -PbaB 3 , 1.8 mg/ml and PbaA(Q236E/ Y237E), 2.2 mg/ml. All sample solutions were adsorbed onto a freshly cleaved mica surface. After a 3-min incubation, residual proteins were washed with the buffer solution and HS-AFM measurements were made at room temperature. The distribution of heights of PbaA was analyzed using a two-component Gaussian fitting. In the case of HS-AFM observations of possible proteasome interaction with Pba proteins, the 20S proteasome dissolved in buffer A containing 2 mM DTT was first adsorbed onto the mica surface, and subsequently, each dissolved Pba protein was imaged.
SAXS
SAXS experiments were performed with NANOPIX (Rigaku) at 20°C. X-rays from a high-brilliance point-focused X-ray source (MicroMAX-007HF) were focused and collimated with a confocal multilayer mirror (OptiSAXS) and low parasitic scattering pinhole slits (ClearPinhole). The scattered X-rays were detected using a two-dimensional semiconductor detector (HyPix-6000). Wild-type PbaA, PbaA 230 -PbaB 13 , PbaA 204 -PbaB 43 , PbaA 239 -PbaB 3 and PbaA (Q236E/Y237E) were dissolved at concentrations of 1.6, 1.9, 1.7, 1.7 and 1.7 mg/ml, respectively, in 50 mM Tris-HCl buffer (pH 8.0) containing 150 mM NaCl. The SAXS pattern was converted to a one-dimensional scattering profile, and then standard corrections were applied for initial beam intensity, background scattering and buffer scattering. Finally, the obtained SAXS intensity of the sample was normalized to the absolute scale with a water and divided by the sample concentration. Preliminary measurements confirmed that particle interference can be ignored at this concentration.
Proteasome activation assay
All samples were dialyzed overnight against 20 mM Tris-HCl buffer (pH 7.5) containing 150 mM NaCl. For the proteasome activation assay, 10 mM fluorogenic nonapeptide substrate [LFP, mca-AKVYPYPME-dap (dnp)-amide] was mixed with 35 nM 20 S proteasome in the presence and absence of 175 nM Pba protein and incubated at 45°C for 15 min with a 5-min sampling interval, as previously described (Kumoi et al., 2013) . Hydrolysis of LFP was monitored at λ ex 330 nm and λ em 398 nm.
Results
Conformational state of PbaA in solution
We previously reported the orthorhombic crystal structure of the homopentameric ring of PbaA (Fig. 1A) , revealing that the α6 helices fold back onto the core domains (Sikdar et al., 2014) . In the present study, we obtained P2 1 monomeric crystals, which diffracted up to 2.55-Å resolution (Fig. 1B) . Unlike the orthorhombic crystal form, the asymmetric unit contained 10 PbaA molecules. In the monoclinic crystal structure, the C-terminal segment consisting of Glu234-Leu242, which was disordered in the orthorhombic crystal structure, became an ordered helical structure, causing the α6 helices to be extended by nine residues. In this crystal structure, the α6 helices adopted tentacle-like structures that projected from the core domain, as in the PbaB tetramer (Fig. 1C) (Kumoi et al., 2013) . Based on these structural properties, we designated the orthorhombic and monoclinic crystal structures of the PbaA pentamer as 'closed' and 'open' conformations, respectively.
In the crystal lattice of the open conformation, the α6 helices interact with each other mainly through hydrophobic interactions, thereby forming a homodecameric cage-like structure ( Supplementary Fig. 1 ) and resulting in the exposure of hydrophobic patches on the core domains, which are masked by the α6 helices in the closed conformation ( Supplementary Fig. 2A, 2B ). This is in marked contrast to the PbaB homotetramer, which has much less exposed hydrophobic surface on the core domain, irrespective of the C-terminal tentacle-like structure ( Supplementary Fig. 2 C) .
Inconsistent with this homodecameric structure of PbaA, our previous analytical ultracentrifugation data showed that PbaA forms a pentamer in solution (Kumoi et al., 2013) . Therefore, we suppose that the observed cage-like homodecameric structure is a crystallographic artifact. In the crystal lattice of the closed conformation, the intramolecularly packed α6 helices are also involved in crystal packing ( Supplementary Fig. 1 ). Hence, we examined the conformational state of PbaA in solution using HS-AFM and SAXS.
HS-AFM data confirmed that PbaA exhibits a pentameric ring structure, which is consistent with the previously reported crystal structure (Sikdar et al., 2014) . The distribution of the heights of the central position of PbaA relative to the background was analyzed on AFM images. The most frequently observed heights were estimated to be 4.5 nm (Fig. 2) , which corresponds to the height of the pentameric ring of PbaA but not to its homodecameric cage-like structure. Additionally, there existed, as a very minor form, brighter particles with a height of~7 nm with a central cavity. The SAXS profile of PbaA (Rg value; 35.8 ± 0.6 Å) was strikingly similar with the profile calculated from the closed conformation (Rg value; 36.1 Å) but not with that from the open conformation (Rg value; 39.2 Å). However, there existed a deviation in the high q-range, suggesting the presence of minor non-closed conformation (Fig. 3) . All of these data indicate that the PbaA pentamer mainly exhibits a closed conformation, with very little open conformation, in solution.
Proteasome activation activities and structural characterization of PbaA-PbaB chimeric proteins Our structural data also suggest the potential of the PbaA pentamer to assume an open conformation with projection of the C-terminal segment, as in the PbaB homotetramer. This prompted us to create a proteasome-reactive PbaA mutant by chimerization with PbaB. We constructed a panel of chimeric proteins constituted from the pentameric core of PbaA and the C-terminal segments of PbaB of different lengths, i.e. PbaA 204 -PbaB 3 , PbaA 204 -PbaB 13 and PbaA 204 -PbaB 43 (Fig. 4) .
In PbaA 204 -PbaB 43 , the entire α6 helix and the following segment of PbaA (Val205-Leu242) was replaced with that of PbaB (Met238-Leu280). Through this chimerization, Ile215 and Met226, which were in contact with the hydrophobic surface of the core in the closed conformation of PbaA, were substituted with Thr248 and Gln259, respectively (Fig. 4 and Supplementary Fig. 2 ). It was therefore expected that the closed conformation of this chimeric protein would be destabilized because of decreased hydrophobic interactions between the PbaB-derived α6 helices and the core domains. As a reference, we also prepared PbaA 230 -PbaB 13 , in which the crystallographically disordered C-terminal segment of PbaA (Arg231-Leu242) was replaced with the corresponding disordered segment of PbaB (Pro268-Leu280). We also prepared PbaA 239 -PbaB 3 , in which only the C-terminal HbYX motif (Met-Tyr-Leu) was replaced with that of PbaB (GlyTyr-Leu), to test the possibility that the different proteasome-binding capabilities of PbaA and PbaB could be ascribed to the single amino acid difference in the C-terminal HbYX motif.
We ascertained whether or not these PbaA-PbaB chimeric proteins could activate the 20S proteasome using a fluorogenic nonapeptide substrate (Fig. 5) . As expected, PbaA 204 -PbaB 43 accelerated proteasomal degradation of LFP at comparable level to wild-type PbaB, whereas wild-type PbaA did not have such an activity. An unexpected finding was that PbaA 230 -PbaB 13 also accelerated proteasomal degradation of substrate, whereas no accelerated degradation was detected with PbaA 239 -PbaB 3 . These data suggest that the conformational state of the C-terminal segments, rather than the amino acid substitution at the motif, is a crucial factor for proteasome activation.
To further investigate this, we performed HS-AFM and SAXS measurements to characterize the conformations of these chimeric proteins. Based on the AFM images, we confirmed that these chimeric Fig. 2 Typical HS-AFM image of PbaA (left). A brighter particle is circled in the HS-AFM image. Histogram and fitting of the normal distribution curve for the height between the center position of PbaA and the background in the HS-AFM images (n = 1031) (right). The heights of the major peak and minor peak were 4.5 nm and 7.0 nm, respectively. proteins retained the homopentameric ring architecture (Fig. 6 ). More importantly, the height distribution analysis indicated that the open conformation (with a height of 6.8-7.2 nm) occurred significantly more in PbaA 204 -PbaB 43 and PbaA 230 -PbaB 13 than in wild-type PbaA and PbaA 239 -PbaB 3 . Rg values determined from the SAXS profiles of wild-type PbaA, PbaA 239 -PbaB 3 , PbaA 230 -PbaB 13 and PbaA 204 -PbaB 43 were 35.8 ± 0.6, 36.4 ± 0.8, 38.8 ± 0.5 and 41.1 ± 0.6 Å, respectively (Fig. 7) . These data are consistent with HS-AFM results, indicating that the open conformations are more populated in both PbaA 230 -PbaB 13 and PbaA 204 -PbaB 43 chimeric proteins than in wild-type PbaA and PbaA 239 -PbaB 3 .
We also used HS-AFM to examine the possible proteasome-binding ability of these chimeric proteins. We observed 20 S proteasome-bound forms for PbaB and chimeric proteins having proteasome-activating activity, whereas no proteasome-binding species could be found for wild-type PbaA and PbaA 239 -PbaB 3 , consistent with the above results ( Fig. 8A-E, Supplementary Movie 1A-1E) .
It is intriguing that the open conformation can be more populated by the substitution of the C-terminal 13 residue segment, which was disordered in the crystal structure of PbaA in the closed conformation and presumably made no direct contact with the hydrophobic surface of the core domain. An amino acid sequence comparison between PbaA and PbaB identified a characteristic negatively charged cluster, such as Glu273-Glu274-Glu275-Asp276, at the C-terminal segment of PbaB (Fig. 4) . Thus, we prepared PbaA (Q236E/Y237E), a PbaA mutant in which both Gln236 and Tyr237 were replaced with glutamate, and subjected it to HS-AFM and SAXS measurements as well as the proteasomal activity assay. It was revealed that PbaA(Q236E/Y237E) accelerated proteasomal degradation of LFP comparably with the PbaA 230 -PbaB 13 chimeric protein, while the reciprocal double mutation (E273Q/E274Y) in PbaB had virtually no impact on its proteasome activation activity (Fig. 5) . In HS-AFM images of PbaA(Q236E/Y237E), the number of brighter particles, with heights estimated to be 6.8-7.2 nm, significantly increased compared with the wild-type PbaA (Fig. 6D) . This mutant exhibited a significantly increased Rg value (38.0 ± 0.6 Å) compared with that of the wild-type PbaA (Fig. 7) . All of these data indicated that the open conformation was more populated by grafting of the Glu-Glu sequence. HS-AFM observations confirmed that this mutant was also capable of binding to the 20 S proteasome, as was the case for the other proteasome-activating proteins (Fig. 8F , Supplementary Movie 1 F).
Discussion
It is paradoxical that archaea have homologs of proteasome assembly chaperones notwithstanding the fact that their 20 S proteasomes can self-organize in the absence of assembly chaperones. One clue to this issue was provided by our previous study, which demonstrated that archaeal PbaB is capable of activating the 20S proteasome through its C-terminal HbXY motif (Kumoi et al., 2013) . However, the other homolog PbaA is more enigmatic because it cannot interact with the 20S proteasome despite the presence of an apparent C-terminal proteasome-binding motif. The present study has shown that in solution, the vast majority of the PbaA pentamer exists in the closed conformation with packed C-terminal segments, although it also exhibits an open conformation as a minor form. Our crystallographic data indicate that, in the closed conformation, the C-terminal helices mask the hydrophobic surface of the core domain ( Supplementary Fig. 2 ). The different conformational states of the C-terminal segments between PbaA and PbaB explain their distinct ability for proteasome activation, offering a unique protein engineering target for creating a novel proteasome activator based on a well-characterized structural framework.
Our designed chimeric proteins comprising the pentameric PbaA scaffold and PbaB-derived C-terminal segments exhibit higher occurrences of the open conformations than that of wild-type PbaA and are therefore able to activate the 20S proteasome. We originally attempted to enrich the open conformation by disrupting the hydrophobic interactions between the core and C-terminal α6 helix. However, as unexpectedly observed for PbaA 230 -PbaB 13 , we found that the open conformation and consequent proteasome activation activity could be enhanced by replacing the crystallographically disordered C-terminal segment of PbaA with the corresponding disordered residues of PbaB. Moreover, these effects could be induced by incorporating only two glutamate residues into the disordered C-terminal segment of PbaA, giving rise to a tri-glutamate sequence corresponding to Glu273-Glu274-Glu275 in PbaB (Fig. 4) . It is conceivable that the electrostatic repulsion among the negatively charged C-terminal segments containing the tri-glutamate sequence causes conformational opening, rendering these engineered PbaA proteins reactive with the 20S proteasome.
Our HS-AFM data visualized the proteasome-bound states of the proteasome-reactive PbaA-PbaB chimeric pentamers as well as the PbaB homotetramer. These homooligomeric proteins were tethered to the α ring through their C-terminal segments and significantly fluctuated in the complex with the 20S proteasome. This is probably due to symmetry mismatch between the homoheptameric α ring and homotetrameric/homopentameric structures of the Pba activators. In such interactions, only a subset of the C-terminal segments of the activators can be directly involved in interactions with the α ring of the 20S proteasome, thereby precluding the formation of stable complexes. The HS-AFM observation was consistent with our previously reported EM image, in which PbaB tetramer bound to the 20S proteasome was significantly tilted with respect to the surface of the α subunit ring (Kumoi et al., 2013) . The imperfect combining of Pba activators with the 20S proteasome gives rise to the functionally active, dynamic complexes and may explain why the homopentameric activators, i.e. PbaA 230 -PbaB 13 and PbaA 204 -PbaB 43 , showed activities 
